The use of scanning capacitively coupled contactless conductivity detection for the evaluation of the structural homogeneity and density of both packed and monolithic stationary phases in microfluidic chips is presented here for the first time.
Introduction
Since it was first described in the literature by Gillespie et al. , [1] a number of publications have reported the use of scanning capacitively coupled contactless conductivity detection (sC 4 D) as part of the characterisation procedure for both packed and monolithic stationary phases in capillary columns. [2] [3] [4] [5] [6] The advantage of this method is that it can easily detect small differences in the homogeneity of the stationary phase while being entirely non-destructive. [1] Despite the development and use of movable C 4 D on electrophoresis micro-fluidic chips reported by Wang et al. in 2003 , [7] as yet there are no reports on the use of sC 4 D to characterise the homogeneity of packed and monolithic stationary phases within the channels of micro-fluidic chips.
Currently, methods for determining the quality of a stationary phase within a micro-fluidic chip are based on optical or scanning electron microscopy (SEM) or the application of the stationary phase for the separation of a test analyte. With the exception of confocal laser scanning microscopy (CLSM), optical microscopy cannot visualise the interior structure of the stationary phase when it is not transparent. While CLSM can generate complete 3D images of stationary phase structures the technique is relatively laborious and expensive, and the stationary phase has to be stained with a fluorescent compound, [8] which is undesirable in many cases as this may affect the surface chemistry. For SEM, the channel must also be cut open for imaging, rendering it useless for further applications. Applying a stationary phase of unknown quality for the separation of potentially costly analytes is not an optimal solution either, although it is the best of the currently available options for determining the quality of the stationary phase while still being able to employ it for further use.
It is with this in mind that we propose the use of commercially available on-chip contactless The micro-fluidic device depicted in Fig. 1A (28 x 16 mm), containing three independent channels, was fabricated by laminating four layers of PMMA and PSA. The micro-fluidic channels, which contained an embedded weir for entrapment of beads with diameters ≥50 mm, were fabricated in the different polymeric substrates by using a CO 2 ablation laser (see Fig. S1 in the ESI). A thin (125 mm thick) PMMA substrate was used as the bottom layer of the chip, ensuring an optimal signal-to-noise ratio from the C 4 D. [9] In order to locate the specific positions along the length of the column at which C 4 D measurements would be taken, several marks 1 mm apart were made along the chip with the CO 2 laser (Fig. 1A ). The IMAC resin was then packed in the micro-fluidic channels and filled with 20 mM sodium phosphate buffer (pH 7.5) for sC4D measurements in stop flow mode (ESI †).
A commercial TraceDec C 4 D system (Innovative Sensor Technologies GmbH, Austria) coupled to copper sensing electrodes fabricated in-house was used for measurements. The chip was placed on top of the substrate containing the copper electrodes and, by sliding the chip from mark 0 to 11, the packed columns were sequentially scanned along their whole length, from beginning to end (Fig. 1A) . In order to continue scanning another channel, the chip was simply displaced accordingly to the left or right. The resulting sC4D profiles are shown in Fig. 1B . As can be seen, the dramatic increase in the C 4 D response observed in the region between 6 and 8 mm for column packed in channel 1 (C #1), and between 6 and 7 mm for column packed in channel 2 (C #2), allows a straightforward determination of the end of the packed columns. However, the increase in the C 4 D response for C #1 is more gradual (718 mV at 6 mm, 1370mV at 7mmand 1828 mV at 8mm) than the one observed for C #2 (from 878 mV at 6 mm to 1853 mV at 7 mm). This indicates that C #1 was not as densely packed in the last ca. 2 mm as the rest of the column.
Microscope images (PARISS, Lightform Inc., NC, USA) taken from the region close to the end of C #1 actually show the presence of large voids in the packing, as well as some air bubbles (Fig. 1C) . In comparison, no clear voids are observed in the microscope images taken from the more densely packed part of the columns (Fig. 1D) . Furthermore, the relative standard deviation (RSD) of the collected data calculated for each column gives an indication of the homogeneity along the length. [4] This value can then be directly compared between different columns allowing the relative homogeneity between stationary phases to be determined. Thus, the RSD values were calculated for each column considering only the 7 points included in the first plateau of the C 4 D profile, i.e., up to 6 mm. Those values are 9.6% for C #1 and 20.4% for C #2, which reveals a higher homogeneity of packing for C #1. In comparison, a RSD of 5.2% was obtained for channel 3, in which no column was packed. The differences observed in the packing homogeneity from one column to another, as well as within the same column, could be explained by the broad size distribution of the beads used for packing, as seen in Fig. 1D . Although the resin manufacturers claimed that the average particle size was 90 mm, measurements carried out with the PARISS system in several samples revealed a larger variation in particle sizes, ranging from approx. 10 to 100 mm (see Fig. S2 in the ESI). In addition, higher C 4 D values are observed for the points localised outside the packed columns in channels 1 and 2 (second plateau of sC 4 D
profile) compared to channel 3 (no packing). One of the possible causes for this is the increase in the conductivity of the buffer resulting from the leaching of nickel ions from the IMAC resins observed earlier. [10] Finally, it should be noted that even though large voids and air bubbles can be clearly seen in the packed columns by optical microscopy, provided that the chip substrate is transparent, no quantitative information on the variation of the packing density is easily obtained by this technique as opposed to sC 4 D.
Monolithic stationary phases in COC micro--fluidic chips
Following the evaluation of particle-packed beds using the sC 4 D technique, monolithic stationary phases synthesised directly within the channels of the micro-fluidic chip were then examined.
When synthesising monolithic stationary phases in situ in micro-fluidic chips, or indeed any mould, it is important to know that, batch to batch of pre-polymer solution, the resulting synthesised monoliths are homogeneous and reproducible.
Here we have used sC 4 
D to show that four poly(styrene-co-divinylbenzene) [poly(S-co-DVB)]
monoliths synthesised directly in the channel of COC micro-fluidic chips from different batches of pre-polymer solutions have a similar degree of homogeneity along the length of the channel.
The micro-fluidic chips themselves were prepared in-house using a procedure described by Mair et al. [11] and the channels were pre-treated prior to the monolith synthesis using a method similar to that outlined by Chen et al. (ESI) . [12] The poly(S-co-DVB) monoliths were synthesised in the channel by visible light initiated polymerisation using a 470 nm light emitting diode (LED) array as the initiating light source (ESI). [13] Directly after polymerisation the monoliths were flushed with acetonitrile and dried under nitrogen flow as this accentuates the difference between filled and empty areas within the channel. Fig. 2A shows a comparison between a filled and empty channel to highlight the difference, and no voids are obvious along the length of any of the filled channels indicating that the polymerisation was successful. taking the measurements to ensure the detection point is always on the channel. In all cases, the channels were filled with deionised water before scanning, as this was previously shown to be the optimal condition for scanning of the stationary phase. [1, 2] Due to its low conductivity and constant composition, any changes in conductivity observed by the detector are most likely to result from changes in the homogeneity of the stationary phase.
The result of this measurement on four different filled micro-fluidic chips is shown in Fig. 2C .
According to Connolly et al. a higher conductivity response corresponds to a larger fluid volume between the electrodes, which can be due to larger pore volumes or voids. [3] Lower conductivity, therefore, means that there is less electrolyte between the electrodes due to smaller pore volume, which in turn is associated with narrower average pore diameters and void-free fillings.
In the obtained scans there are no significant increases or decreases in the conductivity along the length of any of the four channels, therefore the channels are filled to a similar degree.
Calculation of the RSD shows that the values for each of the four columns are 7.6% (Z2), 3.8% (Z3), 11.1% (Z4) and 8.9% (Z6). This suggests a reasonably good overall consistency of the columns generated by the in situ polymerisation procedure. To confirm the integrity of the monolith as indicated by the sC 4 D profiles, scanning electron micrographs of the monoliths in the channels were necessary. Knowing, however, that the monolith homogeneity does not differ between batches it was only necessary to sacrifice one chip from the four shown for SEM imaging. The sacrificial chip was scored across the channel using a box-cutter, immersed in liquid nitrogen and then broken along the score mark in order to examine the cross-section of the channel. The resulting micrograph of the poly(S-co-DVB) monolith in the channel is shown in Fig. 2D and E. These images show that the channel is entirely filled with monolithic stationary phase ( Fig. 2D) and that the monolith is well adhered to the walls ( 700 mm allow for sensitive detection of analytes, therefore the increase in thickness to 500 mm is not a significant issue. [9] 
Conclusions
Scanning C4D is an excellent method for assessing the homogeneity of stationary phases, either particle-packed or monolithic, in the channels of micro-fluidic chips. This method is simple, nondestructive and provides a continuum of information along the entire channel, as opposed to commonly used SEM imaging. Additionally, it has been shown to perform well on chips based on different materials and bottom layer thicknesses. Moreover, the method can be employed using in-house modified and/or fully commercial instrumentation, and has been cross-validated with conventional optical microscopy and SEM techniques. Based on the above, on-chip sC 4 D
shows great promise for application in the quality control of mass-produced stationary phases within micro-fluidic chips. 
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